Understanding how natural selection shapes the traits of infectious disease causing organisms is central to evaluating the likely success of intervention strategies and virulence management ([@b87]). Evolutionary theory has been successfully developed as a tool for investigating the ultimate causation of biological variation in multicellular organisms, and is increasingly being applied to explain why genetic variation is maintained for traits, such as virulence, in unicellular parasites. However, other parasite life-history traits and behaviours of considerable clinical and epidemiological importance also vary extensively. Both the ultimate and proximate causes of this variation are poorly understood but available data indicate that parasites employ remarkably sophisticated strategies for maximizing their transmission success (e.g. [@b53]; [@b38]; [@b64]). In this article, we consider how evolutionary theory can be applied to explain why traits associated with growth and reproduction in malaria (*Plasmodium*) parasites vary throughout infections and in response to changes in the in-host environment. We explain the relevant evolutionary concepts, review recent success in explaining a key parasite trait (sex ratio), and outline how an evolutionary framework will provide novel and important insights into parasite biology. Our discussion focuses on malaria parasites because within-infection processes have been most thoroughly examined in this group but our message is general: the traits exhibited by parasites and pathogens are a result of natural selection optimizing resource allocation strategies.

Evolution of life history traits: trade-offs and phenotypic plasticity
======================================================================

Trade-offs and adaptive phenotypic plasticity are central to our evolutionary understanding of biological variation in metazoan organisms. Fundamental to life history theory is the idea that, whilst natural selection acts to maximize some measure of fitness, the possible combinations of phenotypic traits that can be expressed are limited by trade-offs and constraints ([@b67]). Trade-offs can take many and diverse forms, but theoreticians have most commonly considered the role of resource allocation trade-offs: organisms have limited resources to invest in the processes (e.g. growth, maintenance, and reproduction) required to successfully transmit gene copies to future generations ([@b67]; [@b86]). Natural selection is expected to optimize the allocation of resources between different processes so as to maximize fitness, assuming that sufficient genetic variation exists to allow the optimum to be reached.

Understanding life history decisions and the reasons for phenotypic variability becomes more complicated when one considers that phenotypes do not evolve under constant environment conditions. The concept of adaptive phenotypic plasticity has been central to our understanding of the evolutionary consequences of environmental variation ([@b74]). Phenotypic plasticity is broadly defined as a change in the phenotype of a given genotype in response to a change in environmental conditions ([@b74]). If natural selection favours different phenotypes under different environmental conditions, we expect the evolution of plastic phenotypic responses to information or cues that predict environmental change ([@b26]; [@b93]; [@b56]). Phenotypic plasticity can evolve providing that the environment is predictable and suitable genetic variation exists. Plastic responses may involve facultative changes in a single trait, whole suites of life history, behaviours, or resource allocation strategies ([@b86]; [@b57]).

Phenotypic plasticity is expected to be costly, in that its expression will require the diversion of resources away from other functions such as reproduction or maintenance. Costs are diverse and can include the expenditure of resources on maintaining sensory systems, gathering and processing information, or expressing alternative phenotypes. The ability to respond appropriately to changes in the environment will also be limited by organisms' ability to detect reliable cues and process the resulting information ([@b103]). Selection will act to maximize the fitness advantages of plasticity whilst minimizing the costs involved. This trade-off could result in the evolution of a single, fixed plastic response across a population, variation in plastic responses across genotypes within a population (genotype-by-environment interactions; 'GxE'), or nonplastic, environmental specialist phenotypes ([@b57]). In the event that environmental variation is completely unpredictable, selection may instead favour the production of randomly or alternately varying phenotypes (bet hedging strategies).

Whilst individual organisms are readily identifiable as targets of natural selection in metazoans, the genotype within an infection represents the comparable target in parasites ([@b101]). When infections consist of a single genotype, all parasites are genetically identical and trade-off resolution will maximize the fitness of all co-infecting parasites ([@b29]; [@b19]). When infections are composed of multiple genotypes, parasites from the same genotype are more closely related to each other than to con-specifics. Each genotype could have different optimal strategies because factors such as variation in competitive ability or immune-evasion may influence the relative importance of investing in different processes.

Trait variation in the life cycle of malaria parasites
======================================================

Malaria (*Plasmodium*) and related Apicomplexan parasites comprise a diverse group of pathogens that are responsible for some of the most serious infectious diseases of humans, wildlife, livestock and companion animals ([@b24]). Despite more than a century of research, these parasites have resisted efforts to eradicate and control them and remain responsible for between 1 and 3 million deaths per year. There are over 170 described *Plasmodium* species*,* which infect mammals, birds and a wide variety of reptiles ([@b24]). Despite their diversity, their life-cycle ([Fig. 1](#fig01){ref-type="fig"}) always includes several rounds of asexual replication in a vertebrate host and sexual reproduction in a dipteran vector. When an infected vector bites a host, infective stages (sporozoites) are released and start the pre-erythrocytic phase by invading a specific tissue. After several rounds of replication, erythrocyte-invading stages are released into the blood. These blood-stage parasites replicate asexually and disease symptoms develop (anaemia, weight loss and cerebral malaria in some cases). Every cell cycle a small proportion of asexually produced parasites develop into nonreplicating, male or female sexual stages, termed gametocytes ([@b84]). Asexual parasites do not survive when taken up by a vector in a blood meal, but the gametocytes rapidly differentiate into gametes and fertilization occurs within an hour ([@b45]; [@b82],[@b83]; [@b34]). Each male gametocyte can differentiate into up to eight gametes whereas each female gametocyte differentiates into a single gamete. To make their gametes, males must leave their red blood cells, undergo three rounds of genome replication/mitotic division, and construct eight flagella, each with a genome ([@b34]). Conversely, female gametocytes become gametes once they have condensed and left their red blood cells. Zygotes undergo a series of morphological transformations to establish infections in their vector, leading to the formation of thousands of host-infective sporozoites that migrate to the salivary glands ready for transmission ([@b3]).

![The life-cycle of malaria (*Plasmodium)* parasites.](eva0002-0011-f1){#fig01}

Whilst the basic features of their life-cycle are conserved, malaria parasites exhibit considerable variation in traits associated with growth and reproduction. For example, marked variation in sex ratio patterns ([Fig. 2](#fig02){ref-type="fig"}; proportion of gametocytes that are male) occurs across species, within species, and during infections ([@b52], [@b53]; [@b97]; [@b54]; Read et al. 2002; [@b55]; [@b66]; [@b63], [@b64]). Whilst striking species differences in some traits are well documented, most have been largely overlooked. In [Table 1](#tbl1){ref-type="table"}, we highlight examples of traits for which variation has been observed between and within species and during infections. Empirical data are scarce but do show that there is interesting and important biological variation to be explained.

![Sex ratios of malaria parasites vary considerably across species (A), within species (B), and during infections (A) and (B). Data shown are mean ± SE for infections of: (A) three different rodent malaria species, followed until either the infections were cleared or the experiment was terminated; and (B) six different *Plasmodium chabaudi* genotypes that follow four significantly different patterns throughout infections ([@b64]). Means are calculated from between 6 and 30 independent infections and all were initiated by 10^6^ parasites in the same host genotype (MF1). Thus, this variation is not due to infective dose or host genotype.](eva0002-0011-f2){#fig02}

###### 

Variation in life-history traits associated with growth and reproduction exhibited by malaria *(Plasmodium)* parasites. We highlight traits for which variation is observed across species (species), within species (genotype), and during infections (infection). This list is by no means exhaustive, but is indicative of the empirical literature to date

  Function       Trait                                   Examples of variation                                                                                                                                                                                                                                                                                                                                                                                                                                                      Refs
  -------------- --------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------
  Growth         Cell cycle duration and synchronicity   **Species**. The species of parasite infecting humans can be diagnosed from the regularity of fevers resulting from each synchronous replication cycle (*P. vivax* and *P. falciparum* for fevers every 48 h and *P. malariae* every 72 h). In the rodent malarias, *P. berghei* is asynchronous with cell cycle duration of 22--23 h, whereas mature *P. chabaudi* parasites rupture synchronously every 24 h                                                             [@b48], [@b7], [@b41],[@b42]), [@b65] and [@b24]
                                                         **Genotype**. *In-vitro* evidence that two clones of *P. falciparum* have an average difference of ∼5 h in their cell cycle duration                                                                                                                                                                                                                                                                                                                                       
                                                         **Infection**. Observations suggest that *P. chabaudi* synchronicity decreases as infections progress                                                                                                                                                                                                                                                                                                                                                                      
                 Number of merozoites per schizont       **Species**. Species-specific data are normally presented as ranges (e.g. *P.falciparum* 8--32 merozoites per schizont), but it is not known if this represents genetic or within-infection variation. Species-specific estimates for the number of merozoites produced per schizont range from 4 to 5 in *P. juxtanucleare* (an avian malaria) to over 90 for *P. giganteum* (a lizard malaria)                                                                           [@b65], [@b24], [@b36] and [@b72]
                                                         **Genotype**. Different clones of *P. falciparum* produce different modal numbers of merozoites per schizont, and this may also vary with the type of tissue in which parasites sequester                                                                                                                                                                                                                                                                                  
                                                         **Infection**. *P. berghei* produces more merozoites per schizont in reticulocytes than in mature RBC                                                                                                                                                                                                                                                                                                                                                                      
                 Red blood cell preference               **Species**. In human malarias, *P. ovale* and *P. vivax* prefer reticulocytes, *P. malariae* prefers mature RBCs and *P. falciparum* is able to infect both age classes. Similar patterns occur in the rodent malarias; preference spans the continuum from strict preference for reticulocytes (e.g. *P. berghei*) to specialists for mature RBCs (e.g. *P. vinckei*) with generalists (e.g. *P. chabaudi*) in between. Similar examples can be found in bird malarias   [@b2], [@b81], [@b51],[@b35] and [@b91]
                                                         **Genotype**. Some evidence that *P. chabaudi* genotypes may vary in the age range of cells they can infect                                                                                                                                                                                                                                                                                                                                                                
                                                         **Infection**. *P. falciparum* may become less selective as infections progress. A clone of *P. chabaudi* changes from strict preference for mature RBCs to reticulocytes around peak parasitaemia, changing again to strict preference for mature RBCs during the chronic stage of the infection                                                                                                                                                                          
                 Cytoadherence                           **Species**. Sequestration[\*](#tf1-1){ref-type="table-fn"} occurs in most (e.g. *P. falciparum* and *P. berghei)* but not all (e.g. *P. malariae* and *P. knowlesii*) species investigated. Rosetting[†](#tf1-2){ref-type="table-fn"} rates vary across species, but has been observed in all species analysed                                                                                                                                                            [@b41],[@b42]), [@b24], [@b77]
                                                         **Genotype**. Genetic variation for rosetting rates observed in *P. chabaudi* (from 10% to 40%)                                                                                                                                                                                                                                                                                                                                                                            
                                                         **Infection**. Highest rosetting rates observed before peak parasitaemia in *P. chabaudi.* Some lines of *P. falciparum* lose the ability to sequester with serial culture                                                                                                                                                                                                                                                                                                 
  Reproduction   Conversion                              **Species**. Rarely calculated, potentially because data on cell cycle duration, gametocyte development time and longevity are required                                                                                                                                                                                                                                                                                                                                    [@b27], [@b63], [@b5], [@b6])
                                                         **Genotype**. *In vitro* data suggest genetic variation for conversion in *P. falciparum*                                                                                                                                                                                                                                                                                                                                                                                  
                                                         **Infection**. *P. chabaudi* increases conversion in response to EPO and antimalarial drugs. *P. falciparum* also increases conversion in response to antimalarial drugs                                                                                                                                                                                                                                                                                                   
                 Sex ratio                               **Species, genotype and infection**. See [Fig. 2](#fig02){ref-type="fig"} and text (Explaining sex ratio variation in malaria parasites)                                                                                                                                                                                                                                                                                                                                   [@b97], [@b64] and [@b53]

Sequestration: withdrawal of infected RBCs from the peripheral circulation to the microvasculature where they adhere to endothelial cells.

Rosetting: adherence of uninfected RBCs to infected cells leading to the formation of small clusters of cells.

A fundamental question in evolutionary biology is whether or not genetic variation exists in a focal trait. Natural selection cannot produce an evolutionary response without appropriate genetic variation underlying phenotypic variation. In malaria parasites, within-species genetic variation can be tested for when genotypes (clonal isolates) can be detected (e.g. [@b73]). One source of such isolates is the bank of *P. chabaudi* genotypes in the WHO Registry of Standard Malaria Parasites, held at the University of Edinburgh, UK. Experimental work has revealed that whilst these con-specific genotypes follow broadly similar infection dynamics, they vary in the maximum parasite and gametocyte densities achieved, and the degree of harm caused to their hosts in terms of weight loss, anaemia and mortality risk ([@b40]; [@b92]; [@b41],[@b42];[@b68]; [@b28]). Analogous field experiments using wild caught parasites of the lizard malaria (*P. mexicanum*) have also revealed evidence for genetic variation in these traits ([@b16]). The details of infection patterns exhibited by a given parasite genotype can also be influenced by host genotype, as observed in *P. chabaudi* ([@b69]; [@b28]; [@b59]). These studies clearly show there is significant genetic variation underlying both important parasite life history traits and their expression in response to changes in the in-host environment.

Another key evolutionary question is how variation in the environment will influence selection on life history trade-offs. The 'environment' that malaria parasites experience throughout their life-cycle is remarkably complex as it encompasses the internal biotic environment of at least two other living organisms (the host and vector), and the external environment experienced by those organisms. Parasites will encounter different types of host, for which there could be different optimal solutions to resource allocation problems. During infections, the in-host environment shifts radically due to complex interactions between factors driven by both parasites and hosts (e.g. immune factors, erythropoietic state, presence of competing parasites). To thrive in such variable conditions, parasites should alter their life history decisions and behaviours to best suit each situation they encounter. The ability of natural selection to shape how parasites respond to environmental variation will depend on: the availability of reliable information on environmental conditions and the ability of parasites process it, the presence of suitable genetic variation in parasite populations (GxE), and the costs of that particular form of plasticity.

In the next section, we describe how evolutionary theory has been successfully used to understand variation in sex ratio, an important fitness-determining trait. In the subsequent sections we outline how this approach can be applied to explain other parasite life history traits that are central to survival and transmission. Whilst the concepts we present are applicable to all host and vector stages of the life-cycle, we focus on parasite traits expressed during the erythrocytic phase of infections because the necessary tools and techniques to experimentally test our predictions have recently become available.

Explaining sex ratio variation in malaria parasites
===================================================

Sex allocation is one of the most well understood topics in evolutionary biology ([@b8]; [@b31]; [@b95]). In many cases, simple theory can successfully predict when, why and by how much organisms should adjust their offspring sex ratio in response to a change in their circumstances. As shown in [Fig. 2](#fig02){ref-type="fig"}, sex allocation of malaria parasites varies considerably, but the application of evolutionary theory to explain this variation has been controversial ([@b79]; [@b17], [@b18]; [@b99]).

Sex ratios in malaria parasites are generally female-biased and evolutionary theory predicts that sex ratios reflect the inbreeding rate ([@b61]; [@b14]; [@b96]; [@b50]). Gametocytes taken up in a blood meal represent the genetic composition of their host\'s infection. The inbreeding rate is high when mating occurs between gametocytes from one or a small number of genotypes, but the inbreeding rate is low when multiple genotypes are present in a mating group. Female-biased sex ratios are expected when inbreeding occurs because this represents the most efficient allocation of resources to maximize the fertilization success of a mating group. Because each male can fertilize more than one female, a female-biased sex ratio reduces competition between related males and maximizes the number of females available to mate with ([@b89]). In contrast, when outbreeding, the greatest fitness returns come from increasing investment in males. In this situation, because unrelated females belonging to other genotypes are present, a genotype that produces more males will have the greatest genetic representation in the zygote population. This is 'Hamilton\'s Local Mate Competition' theory (LMC; [@b30]) and it explains why female-biased sex ratios are favoured in spatially structured populations for a variety of taxa, from plants to insects to snakes ([@b100]).

The application of LMC theory to malaria parasites has proved controversial because it does not explain why sex ratios vary throughout infections or why population sex ratios in some related Apicomplexans do not correspond to their inbreeding rate ([@b78]; [@b97]; [@b55]). However, cases where the data do not correspond to LMC can be explained by a simple extension of the theory, known as 'fertility insurance' ([@b98]; [@b23]). Fertility insurance is important when there is a risk that not all females in a blood meal will be fertilized. This problem can arise when gametocyte density is low, due to red cell limitation in anaemic hosts or low conversion, or when transmission-blocking immune factors impair the ability of male gametocytes to make viable gametes. When male gamete viability is low or few gametocytes are able to interact in a blood meal, parasites are expected to alter their sex ratio by increasing their investment in male gametocytes, resulting in a less female-biased sex ratio than their inbreeding rate suggests. By increasing investment in males, parasites can ensure that they have produced enough males to fertilize their females.

The recent development of reverse transcription quantitative PCR assays for malaria parasites that are both genotype- and sex-specific ([@b13]) have enabled the predictions of LMC and fertility insurance theory to be tested. Recently conducted, conceptually simple experiments in which the sex ratios produced by focal *P. chabaudi* genotypes were followed in single- and double-genotype infections, showed that parasites can evaluate their likely inbreeding rate and faculatively adjust their sex ratio according to the predictions of LMC theory ([@b64]). Furthermore, the double-infection data revealed a negative correlation between sex ratio and the proportion of gametocytes contributed by focal genotypes that quantitatively fits LMC theory. Analysis of sex ratio patterns followed throughout infections by six different *P. chabaudi* genotypes support the predictions of fertility insurance theory ([@b64]). First, female-biased sex allocation in response to LMC decreases as infections progress and parasite densities decline due to resource competition, anaemia and development of the host\'s immune response. Second, within-infection sex ratio patterns, for which there is significant genetic variation, can be explained by variation in anaemia and parasite densities. Third, sex ratios are adjusted in response to erythropoetin (EPO; a hormone produced by anaemic hosts) and subsequent changes in the availability of RBC resources ([@b53]; [@b63]).

Facultative sex-ratio adjustment in response to changes in the genetic diversity of infections and within-host environment confirm that: (i) sex allocation strategies in malaria parasites are as sophisticated as those observed in multi-cellular taxa; (ii) malaria parasites can discriminate kin from non-kin and infer their own relative frequency in infections; (iii) malaria parasites are able to detect and respond to changes in host anaemia and the availability of preferred RBCs; and (iv) crucially, sex ratio variation can be explained by evolutionary theory ([@b78]; [@b37]; [@b64]).

Adaptive plasticity in other parasite traits: keeping up with the environment?
==============================================================================

In this section, we develop this successful application of evolutionary theory to predict how parasites should solve other trade-off problems. Specifically, we consider how plasticity in the allocation of resources to reproduction and growth should be expressed, discuss evidence for plasticity in the underlying traits, and describe how our predictions can be tested.

Investment into reproduction: conversion rate
---------------------------------------------

From a life history perspective, the asexual replication of a single-genotype malaria infection can be viewed as 'growth and maintenance' and gametocyte density as 'reproduction'. As in metazoans, a fundamental trade-off exists -- resources are invested into growth at the expense of reproduction and vice-versa ([@b86]). In metazoans, quantifying how an individual has resolved this trade-off in terms of reproductive effort is rarely possible. In contrast, the reproductive effort of malaria parasites can easily be calculated as the proportion of a cohort of parasites that develop into gametocytes (conversion rate). Though rarely measured, conversion rate frequently varies throughout infections and is increased in response to EPO and the presence of antimalarial drugs ([@b5], [@b6]; [@b63]). Here, we outline explanations for these observations and predict how parasites are expected to alter conversion in response to changes in their in-host and social circumstances. These scenarios are not mutually exclusive and in reality we expect that parasites will simultaneously be resolving many of these trade-offs.

Why should parasites increase their reproductive effort when under attack from drugs? This is a 'stressful' situation in which parasites face elimination, so the currently held belief is that parasites have nothing to lose, and should increase conversion as a last attempt at transmission before being cleared. However, theory could also predict the opposite: parasites in stressful circumstances should reduce their conversion to maximize their chances of survival ([@b76]). In this scenario, by investing in asexual replication, parasites benefit from the future reproductive opportunities that can be attained from surviving ([@b46]). If this is the case, why do the data show the opposite pattern? To adopt the most appropriate strategy, parasites need the ability to determine when continued survival is impossible (e.g. due to terminally decreasing parasite density or inevitable host death). For novel situations like exposure to drugs, parasites may not have been under selection for long enough to be able to evaluate their survival chances. In contrast, parasites will frequently experience severely anaemic hosts, so the ability to infer when host death is inevitable should have evolved. Available data are encouraging: *P. gallinaceum* parasites can determine whether their infections are lethal or will be resolved by hosts ([@b52]). In metazoans the analogous hypothesis (known as 'terminal investment'; [@b102]) is very difficult to test because measurements of relative reproductive effort are required and confounding variables (e.g. decline due to senescence or infection) make it hard to measure the intrinsic state of individuals. These issues can be overcome with malaria parasites because the performance of replicate infections of genetically identical parasites can be followed in progressively deteriorating in-host conditions or drug treatment regimes.

The terminal investment hypothesis was developed from the prediction that the reproductive strategy an organism adopts will depend on the value of the fitness gains made from current reproductive effort, relative to future reproductive effort. In humans, relatively few malaria infections result in host death during the acute phase and parasites enter a longer-term (chronic) phase in which they can persist for years ([@b85]). Because these infections have a long 'life-span', resource allocation strategies will reflect the trade-off between current and future reproductive success. More data on transmission success from acute and chronic stage infections are needed to test for this trade-off, but parasites at extremely low densities in chronic *P. falciparum* infections can infect mosquitoes, ([@b75]).

The idea that current reproductive effort should be traded-off against future reproductive effort applies to two other situations: in-host competition and resource availability. Parasites frequently experience in-host competition with con-specific and con-generic parasites ([@b55]; [@b68], [@b70]; [@b43]; [@b4]). Because the best competitors are predicted to be genotypes that acquire the greatest share of RBC resources, a decrease in conversion will result in faster replication and increased survival ([@b46]). This prediction has been tested but the data are inconclusive: focal *P. chabaudi* genotypes monitored in single- and double-genotype infections revealed only a small reduction in conversion in the competitively inferior genotype in one of the two host strains used ([@b94]). In addition to competition, parasites should alter their conversion when hosts become anaemic. If preferred RBCs are scarce, parasites should invest in survival, but only if their resource limitation situation is temporary. Depending on their preference for young or old RBCs, host anaemia can mean either the loss or production of preferred RBCs. In line with this prediction, *P. chabaudi,* a species that can infect young and old RBCs, increases investment in gametocytes when hosts receive EPO, but *P. vinckei,* which can only infect mature RBCs, does not alter conversion and maintains transmission by adjusting sex ratio instead ([@b63]).

Virulence and replication
-------------------------

Parasites must maximize survival and transmission in the face of competition and the inevitable attack of the immune response. Theory predicts that success in these endeavors is correlated with parasite virulence (damage caused to hosts) because fast growing parasites benefit from a larger pool of mature parasites to produce gametocytes. A trade-off between the rate and duration of transmission occurs because virulent parasites risk killing their host and losing future transmission opportunities ([@b20]). However, as slow growing parasites are poor competitors and at risk from rapid clearance by the host immune response, intermediate levels of virulence are favoured by natural selection ([@b60]; [@b20]; [@b11]; [@b12]; [@b21]). Of all parasite traits, virulence is unique in having a large body of theory but, like most traits, the data lag far behind. The idea that parasites should adjust their virulence by facultatively altering traits that underlie replication rate is both theoretically and empirically unexplored. In addition to conversion rate, plasticity in components of replication rate would also regulate virulence. Traits likely to exhibit adaptive plasticity include the number of daughter cells (merozoites) produced by mature parasites (schizonts), cell cycle duration and synchronicity, and the ability of merozoites to invade different types of RBC. In this section, we explore how parasites should adjust these traits in response to the type of host they infect and changes in their in-host environment.

The type of host that malaria parasites encounter will vary substantially in health and immune status. This variation is likely to shape how selection acts on parasite life histories. If parasites face a trade-off between growth/maintenance and reproduction, it follows that changes in conversion rate will influence replication rate and virulence. Could parasite use their conversion rate to regulate virulence? For example, reducing conversion to prioritize replication will be the best strategy when attempting to establish an infection in an adult host with an already up-regulated immune response, and with competing parasites. But, if the next host is an immunologically naïve infant, parasites will be provided with plentiful resources and no competition or immediate danger of immune attack. Uncontrolled replication in this host type will result in premature host death, and instead, we expect parasites to adopt high conversion rates to prevent host death and prolong the lifespan of their infection, with the added bonus that plenty of gametocytes result ([@b1]). Could this be the evolutionary explanation for why more gametocytes are observed in children than adults? The use of conversion rate to regulate virulence may seem intuitively unlikely because gametocytes usually represent a small (\<1%) proportion of the parasites present in an infection. Indeed, a frequently posed question is 'why are there so few gametocytes?' ([@b90]; [@b46]). The answer may lie in the trade-off between investing resources into growth/maintenance and reproduction: the fitness benefits of increasing gametocyte number may rarely outweigh the survival costs incurred in immune hosts and in competition with con-specifics.

Alternatively, parasites could also regulate virulence by altering a key component of their cell cycle: the number of merozoites released by each mature schizont. The pre-requisites for plasticity to evolve in this trait are met: there is genetic variation for the number of merozoites produced by *P. falciparum* schizonts ([@b65]) and this trait is under fine-scale control because each nucleus within a developing schizont can divide a different number of times ([@b39]). Despite the vast species differences in the number of merozoites produced by schizonts, remarkably little is known about the ecological factors and evolutionary pressures shaping variation in this trait. However, increasing merozoite number would clearly be advantageous under deteriorating environmental conditions (e.g. immune attack), when survival is at risk. Data on variation in the number of merozoites in mature schizonts are extremely scarce, which is partly due to the challenges of collecting them -- in many species, they sequester in tissues. New cell and molecular methods can overcome these difficulties because parasites can be collected prior to sequestration and incubated *in vitro* to maturity ([@b62]), or located during sequestration by whole-organism imaging methods ([@b22]). Also, a variety of methods can be used to identify mature schizonts (e.g. fluorescent microscopy or cell sorting), which can be prevented from rupturing by incubation with cysteine protease inhibitors ([@b71]; [@b80]). These tools can now be used to investigate when maturing parasites commit to the number of nuclear divisions they will undertake and which factors influence this. For example, does merozoite number vary according to whether schizonts contain parasites committed to asexual or sexual differentiation? There may also be trade-offs involved between the quantity of merozoites produced and their invasion capabilities, or time required to complete a cell cycle.

In addition to variation in the duration of cell cycles, the synchronicity and development time of parasite cohorts varies substantially ([@b25]). Conventional wisdom assumes that cell cycles are timed to match gametocyte maturation with the diurnal patterns of vectors, and synchronous development enables parasites to withstand immune attack through 'safety in numbers' ([@b32]). Yet, these explanations are unsatisfactory because it is precisely the synchronous bursting of schizonts that elicits a rapid and short-lived immune response that sterilizes gametocytes for several hours and attacks merozoites ([@b49]). Such high costs to transmission suggest that synchronicity yields substantial fitness benefits or is the outcome of a constraint imposed either by host factors or parasite physiology. The latter is unlikely because parasites increase their synchronicity and developmental rate in response to host melatonin (*P. berghei;*[@b33]) and co-culture with other parasites (*P. falciparum;*[@b15]). Our own observations suggest that synchronicity decreases in *P. chabaudi* as infections progress. This could allow parasites to avoid attack from immune factors or be directly caused by host immunity. Experiments to distinguish between parasite and host factors are possible using mice without immune systems or by blocking the actions of specific factors. The fitness costs and benefits of synchronicity can be quantified by assaying the expression of stage specific genes in synchronous (using purified merozoites), or asynchronous (a mix of stages) infections ([@b48]). Comparing cohort development in wild type parasites with transformed parasites in which genes underlying cell cycle regulation have been deleted would also be extremely useful.

Replication rate and virulence are also determined by parasites' ability to acquire RBCs for replication. Cell and molecular data indicate there is substantial scope for adaptive plasticity in RBC preference, but variation in this trait is yet to be integrated into an evolutionary framework. The RBC preference of different species ranges from reticulocytes for *P. vivax* and *P. ovale* to mature RBCs for *P. malariae, P. falciparum* has the ability to switch its invasion strategy, and similar variation is found in the rodent malarias ([@b88]). Given the variation in the age and density of RBCs available in healthy and anaemic hosts during infections, the ability to facultatively alter RBC preference would be advantageous ([@b55]). The ability to invade all available RBC types may seem preferable, but different merozoite surface machinery is required for invading RBC of different ages ([@b9]), and because the genes involved in invasion are also a source of antigenic variation, is it important for parasites to avoid expressing them simultaneously ([@b44]). This could explain why each *P. yoelii* merozoite only expresses one of the 25 genes that determine its RBC preference at a time ([@b58]) and *P. falciparum* parasites can switch their invasion strategy ([@b88]). If so, invasion strategies will reflect the trade-off between the benefits of being a generalist that is able to invade a range of RBCs, versus the costs of exposing antigens to the immune system. An additional trade-off may be operating between the range of RBCs parasites can invade and their ability to grow within them. For example, *P. berghei*, parasites have a stronger preference for reticulocytes, and produce more merozoites per schizont in reticulocytes ([@b35]). The molecular tools (e.g. reverse transcription quantitative PCR) required to measure gene expression and invasion abilities are available and can be applied to experiments in which host haemopoetic state is manipulated. However, to understand how parasites cope with changes in resource availability, quantitative data on RBC preference throughout infections are required. Here, mathematical models would prove particularly useful because complex erythropeotic processes determine what RBCs are available to parasites and this cannot accurately be inferred from snapshot observations of the type of RBCs that parasites have developed within ([@b10]).

Conclusions and future directions
=================================

In addition to the specific investigations we have suggested, a substantially broader understanding of how within-infection dynamics are influenced by host factors, parasite traits, and interactions between them is required. This can be readily achieved for malaria parasites because: (i) focal genotypes can be followed during replicate infections in a range of scenarios; (ii) multiple focal genotypes can be investigated to establish whether GxE underlies patterns of trait variation and plasticity; (iii) multiple parasite and host variables can be measured and their potentially confounding influence on traits of interest can be statistically controlled for; and (iv) the use of mathematical models to examine within-host dynamics offers a new tool for hypothesis testing: iterations of theoretical developments and empirical testing promise to be a powerful approach ([@b47]).

Evolutionary theory has been developed as a tool for investigating the ultimate causes of variation in life history traits and can provide new directions in the search for the proximate (mechanistic) processes. For example, evolutionary approaches have revealed adaptive phenotypic plasticity in sex ratio strategies, informing the search for underlying mechanistic processes ([@b54]). For other traits, such as red blood cell preference, proximate approaches have identified mechanisms likely to be involved in trade-offs and adaptive responses to environmental change. Experimental manipulations can be used to investigate what environmental information parasites use, whether these are direct or indirect cues, and what costs are paid for phenotypic plasticity. By understanding how, when and why parasites respond to different cues could enable interventions to induce parasites to make suboptimal choices that are clinically or epidemiologically beneficial. Identifying the physiological and genetic constraints on plasticity is of central importance in predicting how parasites will respond in the short- and long-term to drug and vaccine interventions. A synergy between research directed at evolutionary and mechanistic explanations for trait variation is surely the most efficient way to progress both fields.
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